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Development  of  military  vehicles  capable  of  surviving  landmine  blast  is  seldom  done  using  full-scale  pro¬ 
totype  testing  because  of  the  associated  prohibitively-high  cost,  the  destructive  nature  of  testing,  and  the 
requirements  for  major  large-scale  experimental-test  facilities  and  a  large  crew  of  engineers  committed  to 
the  task.  Instead,  tests  of  small-scale  models  are  generally  employed  and  the  model-based  results  are  scaled 
up  to  the  full-size  vehicle.  In  these  scale-up  efforts,  various  dimensional  analyses  are  used  whose  estab¬ 
lishment  and  validation  requires  major  experimental  testing  efforts  and  different-scale  models.  In  the 
present  work,  an  approach  is  proposed  within  which  concurrent  and  interactive  applications  of  the  com¬ 
putational  analyses  (of  landmine  detonation  and  the  interaction  of  detonation  products  and  soil  ejecta  with 
the  vehicle  hull-floor)  and  the  corresponding  dimensional  analysis  are  utilized.  It  is  argued  that  this 
approach  can  guide  the  design  of  military-vehicle  hull-floors  which  provide  the  required  level  of  protection 
to  the  vehicle  occupants  under  landmine  blast  attack  without  introducing  unnecessarily  high  weight  to  the 
vehicle.  To  validate  this  approach,  a  combined  Eulerian/Lagrangian  formulation  for  landmine  detonation 
and  the  interaction  of  detonation  products  and  soil  ejecta  with  the  vehicle  hull-floor  (developed  in  our 
previous  work)  has  been  utilized  along  with  the  experimental  results  pertaining  to  small-scale  model  and 
full-scale  vehicle  testing. 


Keywords  dimensional  analysis,  landmine  detonation,  vehiele 
hull-floor  design 


1.  Introduction 

Recent  efforts  of  the  U.  S.  Army  have  been  aimed  at 
becoming  more  mobile,  deployable,  and  sustainable  while 
maintaining  or  surpassing  the  current  levels  of  lethality  and 
survivability.  Current  battlefield  vehicles  have  reached  in 
excess  of  70  tons  due  to  ever  increasing  lethality  of  ballistic 
threats  which  hinders  their  ability  to  be  readily  transported  and 
sustained.  Therefore,  a  number  of  research  and  development 
programs  are  under  way  to  engineer  light-weight,  highly 
mobile,  transportable,  and  lethal  battlefield  vehicles  with  a 
target  weight  under  20  tons.  To  attain  these  goals,  significant 
advances  are  needed  in  the  areas  of  light-weight  materials  and 
structures  as  well  as  in  the  areas  of  computer-aided  design  and 
experimental  testing/validation  techniques  for  these  vehicles. 

Over  the  last  two  decades,  the  use  of  computational  analyses 
in  the  design  of  military  vehicles  has  continuously  increased. 
Efficient  computational  codes  and  fast,  massive,  and  inexpen¬ 
sive  computational  resources  enable  today  computational 
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investigations  of  whole-vehicle  performance  under  various  in- 
service  (Ref  1)  and  threat  (Ref  2-4)  conditions.  However,  the 
true  utility  of  these  computational  analyses  remains  question¬ 
able  considering  that  critical  shortcomings  of  these  analyses, 
are  either  not  fully  identified  or  understood.  For  example, 
material  models  used  in  these  analyses  need  substantial 
improvements  to  take  into  account  the  contribution  of  various 
micro  structural  effects  (at  various  length  scales),  the  effects  of 
components  manufacturing  and  assembly  as  well  as  the  effects 
of  realistic  environmental,  thermal,  mechanical,  and  dynamic 
loading  conditions  on  material  behavior  (Ref  5).  In  addition, 
many  issues  associated  with  the  interactions  and  contacts 
between  the  vehicle  and  its  surrounding  (including  fiuid/liquid 
interactions)  are  still  not  fully  resolved.  This  situation  requires 
that  extensive  experimental  testing  and  validation  efforts  still  be 
employed  during  development  of  new  or  retro  fitting  of  the 
existing  military  vehicles.  In  other  words,  computational 
analyses  are  presently  capable  of  reducing  somewhat  the 
new-vehicle  development  time  and  of  lowering  the  extent  of 
(but  not  fully  eliminating  a  need  for)  the  experimental  testing 
and  validation  efforts. 

The  main  issue  with  the  experimental  testing/validation 
efforts  is  that  they  should  ideally  involve  full-scale  prototypes 
of  the  vehicles,  which  is  quite  expensive  and  requires  major  test 
facilities  and  a  large  crew  of  engineers  committed  to  the  task. 
On  the  other  hand,  it  is  quite  advantageous  to  carry  out  all  the 
experimental  testing  and  validation  using  small-scale  models 
and  to  then  scale-up  the  model  results  to  the  full-scale 
prototype,  using  the  appropriate  dimensional  analysis  (defined 
later).  In  trying  to  attain  this  goal,  computational  analyses  can 
play  a  critical  role.  That  is,  the  computational  analyses  can  be 
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first  validated  experimentally  using  a  single  small-seale  model. 
Then,  the  eomputational  analyses  ean  be  employed  to  establish 
the  basie  fundamental  parameters  and  their  inter-relations  and, 
in  turn  to  develop  the  appropriate  dimensional  analysis.  This 
eould  potentially  lead  to  signifieant  reduetions  in  the  small 
seale  model  testing  efforts  (e.g.,  different-seale  models  would 
not  have  to  be  employed  to  establish/validate  the  dimensional 
analysis).  Lastly,  both  the  eomputational  and  experimental 
model  seale-up  predietions  ean  be  used,  with  more  eonfidenee, 
in  the  design/development  of  full-seale  prototypes. 

A  review  of  the  publie-domain  literature  earned  out  as  part 
of  the  present  work  revealed  that  the  landmine-detonation 
related  researeh  aetivities  ean  be  broadly  divided  into  three 
main  eategories:  (a)  shoek  and  blast  wave  meehanies/dynamies 
ineluding  landmine-detonation  phenomena  and  large-deforma- 
tion/high-deformation  rate  eonstitutive  models  for  the  attendant 
materials  (high  explosive,  air,  soil,  ete.)  (Ref  6);  (b)  the 
kinematie  and  struetural  response  of  the  target  to  blast  loading 
ineluding  the  role  of  target  design  and  use  of  blast  attenuation 
materials  (Ref  7);  and  (e)  vulnerability  of  human  beings  to  post¬ 
detonation  phenomena  sueh  as  high  blast  pressures,  spall 
fragments,  and  large  vertieal  and  lateral  aeeelerations  (Ref  2). 
The  present  work  falls  into  the  eategories  (a)  and  (b)  of  the 
researeh  listed  above  sinee  it  emphasizes  both  the  role  of 
material  behavior  under  transient-dynamie  loading  eonditions 
as  well  as  the  kinematie  and  struetural  responses  of  the  target 
strueture  to  detonation  of  landmines  shallow  buried  in  soil. 

The  main  objeetive  of  the  present  work  is  to  extend  the 
sealing  analysis  of  Wenzel  and  Hennessey  (Ref  8)  for  military 
vehiele-hull  floor-plates  subjeeted  to  impulse  and  high-pressure 
loads  assoeiated  with  detonation  of  a  landmine  buried  in  soil 
under  the  hull  body.  The  dimensional  analysis  of  Wenzel  and 
Hennessey  (Ref  8)  is  based  on  the  so-ealled  Buekingham 
Theorem  (Ref  9),  a  proeedure  eommonly  used  in  the  situations 
in  whieh  full-seale  struetures/prototypes  are  designed  and  sized 
based  on  the  results  obtained  using  small-seale  model  tests.  To 
extend  the  dimensional  analysis  of  Wenzel  and  Hennessey 
(Ref  8),  the  eombined  Eulerian/Lagrangian  eomputational 
model  and  analysis  of  detonation  of  landmines  shallow-buried 
in  soil  and  of  the  interaetions  between  detonation  produets 
and  soil  ejeeta  with  the  target  strueture  developed  by  Grujieie 
et  al.  (Ref  10)  is  used. 

The  main  role  of  the  military-vehiele  hull-floor  is  to  proteet 
the  vehiele  oeeupants  in  the  ease  of  detonation  of  a  landmine 
buried  in  soil  underneath  the  vehiele  belly.  Complex  interre¬ 
lationships  generally  exist  between  the  type  and  the  extent  of 
vehiele-oeeupants  injuries  and  the  extent  of  vehiele  damage 
resulting  from  under-the-vehiele  landmine  blast.  The  most 
serious  vehiele-oeeupants  injuries  and  their  fatalities  are  most 
frequently  ineurred  as  a  eonsequenee  of  hull-floor  rupture.  In 
addition  to  generating  floor-material  fragmentation,  floor  rup¬ 
ture  enables  for  the  ingress  of  flame  and  toxie  (detonation- 
produet)  gases  and  ean  lead  to  on-board  tires  and  explosions. 
While  the  vehiele  under  landmine  attaek  is  always  subjeeted  to 
high  “G”)  forees,  this  aspeet  of  the  threat  is  usually  eonsidered 
as  seeondary  when  floor  rupture  takes  plaee.  On  the  other  hand, 
when  landmine-detonation  results  in  only  hull-floor  bulging, 
the  vehiele  is  then  propelled  upward  and  off  the  ground,  to  an 
extent  whieh  seales  direetly  with  size  of  the  landmine  and 
inversely  with  vehiele  weight.  The  aeeompanying  dynamie 
shoek  ean  eause  vehiele  oeeupants  and  on-board  instruments 
and  weapons  to  be  thrown  about  within  the  vehiele  interior.  In 
addition,  large  hull-floor  defleetions  and  deformations  ean 


eause  a  sequenee  of  failures  throughout  the  entire  vehiele 
through  eomponents/sub-system  eonneetions  and  interfaees 
(e.g.,  via  fuel  lines  running  along  the  floor,  floor-bolted  seats, 
ammunition  storage  raeks,  power-train  lines,  ete.).  Tradition¬ 
ally,  the  floor-rupture  problem  is  solved  through  the  use  of 
thieker  floor-plates,  stronger,  tougher,  and  usually  heavier 
material  and  through  the  utilization  of  applique  armor.  This 
approaeh  is  generally  assoeiated  with  unneeessary  oversized/ 
overweight  vehiele-hull  floors  and,  is  being  abandoned  now¬ 
adays  due  to  aforementioned  military’s  requirements  for  lighter 
vehieles.  Combined  applieation  of  the  eomputational  analyses 
of  both  small-seale  models  and  full-seale  prototypes  of  vehieles 
(or  their  hulls)  subjeeted  to  landmine  blast  and  a  dimensional 
analysis  for  model-results  seale-up,  proposed  in  the  present 
work,  is  a  way  to  reduee  the  weight  of  the  vehieles  while 
ensuring  the  required  eonfldenee  level  for  its  survivability  and 
survivability  of  its  oeeupants. 

The  organization  of  the  paper  is  as  follows:  In  seetion  2.1,  a 
brief  overview  is  provided  of  the  Buekingham  IT  theorem 
(Ref  9).  The  dimensional  analysis  for  military-vehiele  floor- 
plates  subjeeted  to  landmine-detonation  attaek  originally  pro¬ 
posed  by  Wenzel  and  Hennessey  (Ref  8)  is  overviewed  in 
seetion  2.2.  The  eombined  Eulerian/Lagrangian  eomputational 
proeedure  used  in  the  present  work  is  deseribed  in  seetion  2. 
The  main  results  obtained  in  the  present  work  are  presented  and 
diseussed  in  seetion  3,  while  the  key  eonelusions  resulted  from 
the  present  study  are  summarized  in  seetion  4. 


2.  Computational  Procedure 

2.1  Buckingham  n  Theorem  (Ref  9) 

As  diseussed  earlier,  the  Buekingham  IT  theorem  (also 
known  as  the  “similitude  theory”)  (Ref  9)  is  employed  in  the 
present  work  to  address  the  problem  of  eomputational-analysis 
validation  via  small-seale  model  testing  and  the  problem  of 
seale-up  of  the  model  results  to  the  full-seale  prototype.  In  the 
remainder  of  this  seetion,  a  brief  overview  is  provided  of  the 
similitude  theory  and  of  its  utility  and  limitations. 

The  similitude  theory  (also  known  as  the  “dimensional 
analysis”)  is  essentially  a  teehnique/proeedure  for  deseribing 
the  behavior  of  a  system  in  terms  of  a  number  of  dimensionless 
parameters  (generally  referred  to  as  the  IT  terms).  This 
proeedure  typieally  involves  the  following  main  steps: 

(a)  Identifleation  of  all  physieal  parameters  whieh  govern 
the  behavior  of  the  system  under  investigation.  This  is 
the  most  eritieal  step  in  the  dimensional  analysis  sinee  it 
requires  a  good  understanding  of  the  underlying  physies 
of  the  problem  at  hand  (even  in  the  ease  when  the  fune- 
tional  forms  of  the  governing  equations  are  not  known). 

(b)  Speeifleation  of  the  units  for  the  physieal  parameters 
defined  in  (a)  in  terms  of  the  fundamental  physieal 
dimensions  (typieally  foree,  length,  and  time). 

(e)  Identifleation  of  a  subset  of  parameters  among  the  physi¬ 
eal  parameters  defined  in  (a)  with  the  number  of  param¬ 
eters  in  this  subset  being  equal  to  the  number  of 
fundamental  physieal  dimensions  defined  in  (b).  The 
parameters  in  this  subset  will  be  used  for  eonverting  the 
remaining  parameters  in  (a)  into  a  set  of  dimensionless 
parameters  (i.e.,  the  IT  terms).  It  should  be  noted  that 
while  the  number  of  the  resulting  IT  terms  is  fully 
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defined  (equal  to  the  number  of  physieal  parameters  in 
(a)  minus  the  number  of  fundamental  dimensions  in  (b)), 
the  funetional  form  of  the  11  terms  is  not  unique.  It  is 
generally  advantageous  to  define  the  11  terms  in  sueh  a 
way  that  they  have  a  elear  physieal  meaning.  However, 
regardless  of  the  ehoiee  of  the  IT  terms,  the  final  impli- 
eations/findings  offered  by  the  similitude  theory  is  inde¬ 
pendent  of  this  ehoiee  (provided,  all  the  governing 
physieal  parameters  are  eorreetly  identified  in  (a)). 

(d)  Identifieation  of  the  funetional  relationships  between 
eaeh  of  the  IT  terms  and  all  other  IT  terms.  These  rela¬ 
tions  are  generally  determined  using  experimental  or 
eomputational  approaehes  or  the  eombination  of  the  two 
approaehes. 

The  power  of  the  similitude  theory  is  that  the  funetional 
relations  offered  are  generalized,  i.e.,  the  effeet  of  geometrieal, 
kinematie,  ambient,  loading,  and  response  seales  is  eliminated. 
Consequently,  the  similitude  theory  states  that,  if  all  the 
pertinent  physieal  parameters  were  eorreetly  identified  in  (a) 
and  if  all  the  IT  terms  were  kept  invariant  (i.e.  unehanged) 
between  a  small-seale  model  and  its  full-seale  prototype,  then 
the  results  obtained  using  a  small-seale  model  eould  be  direetly 
used  to  prediet  the  response  of  the  eorresponding  full-seale 
eounterpart. 

2.2  Brief  Overview  of  the  Wenzei  and  Hennessey  Work 
(Ref  8) 

As  mentioned  earlier,  one  of  the  main  objeetives  of  the 
present  work  is  to  further  advanee  the  dimensional  analysis 
presented  by  Wenzel  and  Hennessey  (Ref  8).  In  the  remainder 
of  the  seetion,  a  brief  overview  is  provided  of  this  work. 

The  work  of  Wenzel  and  Hennessey  (Ref  8)  deals  with 
sealing  fioor-plates  for  military  vehieles  expeeted  to  be  targeted 
by  landmine  blast.  The  main  objeetive  of  the  work  was  to 
develop  and  validate  a  dimensional  analysis  for  the  vehiele 
fioor-plate  sizing  problem,  so  that  the  results  of  small-seale 
repliea-model  ean  be  used  to  determine  the  minimal  required 
fioor-plate  thiekness  whieh  will  ensure  that,  under  the  speeifie 
landmine-detonation  seenario,  the  vehiele  fioor  will  not  under¬ 
go  rupture  or  extensive  dynamie  defieetion.  The  term  “repliea- 
model”  will  be  defined  in  greater  detail  later  in  this  seetion. 
Until  then,  this  term  will  be  used  to  denote  a  small-seale  model 
whieh  is  similar  (geometrieally,  eonstitutively,  and  with  respeet 
to  extent  of  properly  sealed  loads  and  struetural  responses)  to 
the  eorresponding  full-seale  prototype. 

The  starting  point  in  the  work  of  Wenzel  and  Hennessey 
(Ref  8)  was  to  take  advantage  of  the  faet  that  fioor-plate 
defieetions  do  not  signifieantly  modify  the  (landmine-detona- 
tion-indueed)  dynamie  loading.  Toward  that  end,  the  problem  at 
hand  was  divided  (deeoupled)  in  two  separate  problems:  (a)  a 
fioor-plate  struetural  response  problem  and  (b)  the  problem  of 
analyzing  pressures  and  impulses  resulting  from  detonation  of  a 
landmine  (shallow  buried  in  soil  underneath  the  vehiele-hull 
bottom). 

2.2.1  Structural  Response.  Physical  Parameters.  By 
earrying  out  a  eareful  and  detailed  engineering  analysis  of  the 
struetural  response  of  a  thiek  metal  plate  (a  model  for  the 
vehiele-hull  bottom)  supported  on  wooden  bloeks  (to  obtain  the 
required  level  of  ground  elearanee),  and  elamped  along  its 
edges  (to  simulate  the  effeet  of  the  surrounding/supported 
vehiele-frame  strueture).  Fig.  1,  Wenzel  and  Hennessey  (Ref  8) 


identified  eleven  key  physieal  parameters  whieh  govern  the 
response  of  the  plate  subjeeted  to  landmine-detonation  loading. 
These  parameters  are  listed  and  explained  and  their  fundamen¬ 
tal  dimensions  are  identified  in  Table  1. 

n  Terms.  Next,  three  of  the  physieal  parameters  listed  in 
Table  1  (fioor-plate  thiekness,  h,  fioor-plate  material  yield 
strength,  a,  and  the  same  material  density,  p)  are  used  for 
eonstrueting  eight  IT  terms  (Table  2). 

It  should  be  noted  that  the  rigid  body  motion  of  the  fioor- 
plate  was  negleeted  due  to  the  faet  that  it  did  not  modify 
landmine-detonation-indueed  loading  and,  henee,  did  not 
modify  the  struetural  response  of  the  fioor-plate.  The  distrib¬ 
uted  inertial  effeets,  on  the  other  hand,  were  ineluded  through 
the  seleetion  of  the  material  density  and  the  fioor-plate 
thiekness.  It  should  be  also  noted  that  no  explieit  eonsideration 
of  the  effeet  of  ehange  in  the  strain  rates  was  eonsidered  with  a 
justifieation  that  the  strain  rates  do  not  appreeiably  ehange 
between  the  full-seale  prototype  and  its  repliea-model.  How¬ 
ever,  it  should  be  reeognized  that  the  effeet  of  high  strain  rates 
was  ineluded  implieitly,  via  the  use  of  the  dynamie  material 
yield  strength,  a. 


Fig.  1  A  schematic  of  the  prototype  landmine-blast  test  set-up  used 
in  the  work  of  Wenzel  and  Hennessey  (Ref  8) 


Table  1  Key  physical  parameters  controlling  structural 
response  of  the  vehicle-floor  plates 


Symbol 

Parameter 

Fundamental 

dimensions 

P 

Pressure  due  to  landmine 
detonation 

F/C 

I 

Specific  impulse  due  to  landmine 
detonation 

FTlC 

h 

Floor-plate  thickness 

L 

hi 

Array  of  other  (non-dimensional) 
floor-plate  dimensions 

a 

Floor-plate  material  yield  strength 

FlC 

c?/ 

Array  of  other  (non-dimensional) 
strength  parameters  for  floor-plate 
material 

s 

Floor-plate  material  equivalent 
strain 

P 

Floor-plate  material  density 

FtlC 

5 

Floor-plate  deflection 

L 

a 

Floor-plate  acceleration 

nf- 

t 

Post  landmine-detonation  time 

T 
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Table  2  IT  terms  controlling  structural  response  of  the 
vehicle-floor  plates 


n  term 

Physical  meaning 

Similarity 

type 

III  =  hi 

Array  of  non-thickness 
(non-dimensional) 
floor-plate  dimensions 

Geometrical 

riy  =  C>, 

Array  of  non-yield-strength 
(non-dimensional) 
parameters  for  floor-plate  material 

Constitutive 

Hs  =  s 

Floor-plate  material  equivalent 
strain 

Constitutive, 

response 

114  =  5//! 

Thickness-scaled  floor-plate 
deflection 

Response 

Hs  =  aph/a 

Non-dimensional  floor-plate 
acceleration 

Response 

Ue  = 

Non-dimensional  time 

Response 

H?  ~  E 

(a  p  h) 

Non-dimensional  impulse 
due  to  landmine 
detonation 

Loading 

Hg  =  P!^ 

Non-dimensional  pressure 
due  to  landmine 
detonation 

Loading 

Table  3  Replica-to-prototype  scaling  for  structural  response 
of  the  vehicle-floor  plates 

Symbol 

Parameter 

Scale  factor 

hi 

Array  of  non-thickness 
(non-dimensional)  floor-plate 
dimensions 

P 

Floor-plate  material  density 

1.0 

a 

Floor-plate  material  yield  strength 

1.0 

s 

Floor-plate  material  equivalent 
strain 

1.0 

5 

Floor-plate  deflection 

a 

Floor-plate  acceleration 

nx 

t 

Post  landmine-detonation  time 

X 

I 

Specific  impulse  due  to  landmine 
detonation 

X 

P 

Pressure  due  to  landmine  detona¬ 
tion 

1.0 

Scaling.  As  mentioned  earlier,  in  aeeordanee  with  the  simili¬ 
tude  theory,  for  the  results  obtained  using  small- seale  model  to 
be  applieable  at  the  prototype  seale,  the  IT  terms  must  be 
unehanged  between  the  model  and  the  prototype.  In  order  to 
ensure  this  eondition,  the  model  and  the  prototype  must  be 
similar  geometrieally,  (i.e.,  IIi  is  unehanged),  eonstitutively 
(i.e.,  112  and  II3  terms  are  unehanged),  in  response  (i.e.,  113-116 
terms  are  unehanged)  and  with  respeet  to  loading  (Ily  and  Ilg 
terms  are  unehanged).  Henee,  if  the  model  is  obtained  by 
sealing  down  the  prototype  by  a  faetor  X  (while  maintaining  all 
the  angles  unehanged),  the  model  and  the  prototype  are  made  of 
the  same  material  (i.e.,  and  p  are  unehanged),  speeifie 
impulse  due  to  landmine  detonation,  /,  is  sealed  by  a  faetor  X 
while  pressure  due  to  landmine  detonation,  P,  is  kept  un¬ 
ehanged,  then  s,  5,  a,  and  t  responses  of  the  model  are  sealed 
with  respeet  to  their  prototype  eounterparts  in  aeeordanee  with 
the  values  given  in  Column  3  of  Table  3.  When  the  model  is 
sealed  down  in  aeeordanee  with  these  eonditions,  then  the 
model  is  referred  to  as  the  replica-model 


Table  4  Parameters  for  defining  loading  from  a  landmine 


Symbol 

Parameter 

Fundamental 

dimensions 

P 

Pressure  due  to  landmine  detona¬ 
tion 

F/C 

I 

Specific  impulse  due  to  landmine 
detonation 

FTiC 

E 

Landmine  detonation-released  en¬ 
ergy 

FL 

r 

Circular-disk  shape  landmine 
thickness 

ri 

Array  of  non-thickness  (non- 
dimensional)  landmine  dimensions 

d 

Landmine  depth-of-burial 

L 

R 

Landmine/floor-plate  standoff  dis¬ 
tance 

L 

Po 

Ambient  atmospheric-pressure 

FiC 

Gq 

Speed  of  sound  in  air 

LIT 

Jo 

Ratio  of  specific  heats  for  air 

P 

Density  of  soil 

FtlL* 

c 

Seismic  velocity  of  soil 

LIT 

g 

Gravitational  acceleration 

Lif- 

2.2.2  Landmine-Detonation-Induced  Impulses  and  Pres¬ 
sures.  Wenzel  and  Hennessey  (Ref  8)  also  earned  a  detailed 
engineering  analysis  of  detonation  of  landmine  shallow-buried 
in  soil.  In  order  to  quantify  the  resulting  time-dependant 
impulses  and  pressures  (input  loading  parameters  in  the 
struetural  response  analysis),  they  ineluded  the  effeet  of  the 
landmine  shape  and  size,  type  of  explosive,  soil  properties  as 
well  as  the  properties  of  the  surrounding  (ambient)  air.  These 
parameters  along  with  their  fundamental  dimensions  are  listed 
in  Table  4. 

Landmine  Related  Parameters.  The  landmine  was  eonsidered 
to  be  of  a  eireular-disk  shape  and  to  have  a  size  defined  by 
thiekness,  r,  and  an  array  of  non-dimensional  parameters, 

(z  =  1,  in  the  present  ease  and  ri  represents  thiekness-formal- 
ized  landmine  diameter).  The  type  of  explosive  in  the  landmine 
(of  a  given  size)  is  then  expressed  by  the  total  energy  released 
during  landmine  detonation,  E.  The  loeation  of  the  landmine 
with  respeet  to  the  model/prototype  is  defined  in  terms  of  the 
depth-of-burial,  d  (a  distanee  between  the  top  surfaee  of  the 
landmine  and  the  soil/air  interfaee)  and  standoff  distanee, 
R  (distanee  between  the  top  surfaee  of  the  landmine  and  the 
bottom  of  the  test  plate). 

Ambient-Air  Parameters.  To  aeeount  for  the  effeets  of  air  blast, 
three  ambient-air  parameters  are  eonsidered:  ambient  pressure, 
Pq,  sound  speed  in  air,  a^,  and  a  ratio  of  the  eonstant-pressure 
and  eonstant-volume  speeifie  heats  in  air, 

Soil  Parameters.  To  aeeount  for  the  effeet  of  soil  (into  whieh 
the  landmine  is  buried)  Wenzel  and  Hennessey  (Ref  8), 
assumed  that  detonation  of  shallow-buried  landmine  ean  be 
related  to  the  problem  of  underground  landmine  explosion  and 
the  resulting  erater  formation.  Consequently,  they  assumed  that 
two  soil-speeifie  parameters  should  be  ineluded:  the  (initial) 
soil  density,  p,  and  its  seismie  veloeity,  c.  In  addition,  to  inelude 
the  effeet  of  gravitational  forees  of  the  soil  surrounding  the 
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Table  5  IT  terms  for  determining  loading  from  landmine 


n  term 

Physical  meaning 

Similarity 

type 

Hi  =  rt 

Array  of  non-thickness 
(non-dimensional) 
landmine  dimensions 

Geometrical 

Wi  =  d/R 

Scaled  depth-of-burial 

Geometrical 

Rj  =  r/R 

Inverse  of  scaled  standoff  distance 

Geometrical 

114  =  Yo 

Ratio  of  specific  heats  for  air 

Atmospheric 

Ils  =  ao/c 

Air  sound  speed  to  soil  seismic 
speed  ratio 

Kinematic 

Ue  =  PoR^/E 

Sach’s  Number 

Ambient 

117  =  pc^R^/E 

Modified  Sach’s  Number 

Soil 

rig  =  gR/c^ 

Froude  Number 

Gravitational 

119  =  PRVf' 

Non-dimensional  pressure  due  to 

landmine 

detonation 

Loading 

riio  =  IcR^IE 

Non-dimensional  impulse  due  to 

landmine 

detonation 

Loading 

Table  6  Replica-to-prototype  scaling  for  blast-load  related 
parameters 

Scale 


Symbol 

Parameter 

factor 

r,  R,  d 

Circular-disk  shape  landmine 
thickness, 

landmine/floor-plate  standoff  distance, 
landmine  depth-of-burial 

L 

C,  flo 

Seismic  velocity  of  soil,  speed  of 
sound  in  air 

1.0 

To 

Ratio  of  specific  heats  for  air 

1.0 

P 

Density  of  soil 

1.0 

E 

Landmine-detonation-released 

energy 

Po,P 

Ambient  atmospheric-pressure, 
pressure  due  to  landmine  detonation 

1.0 

I 

Specific  impulse  due  to  landmine 
detonation 

landmine,  gravitational  acceleration,  g,  is  also  defined  as  a 
physical  parameter  affecting  the  temporal  evolution  of  land- 
mine-detonation-induced  impulses  and  pressure. 

Resulting  Landmine-Detonation  Loading  Parameters.  The 
discussion  presented  above  introduced  11  landmine,  air  and 
soil-related  parameters.  The  remaining  two  parameters  are 
associated  with  the  landmine-detonation-induced  specific 
impulse,  /,  and  the  associated  (peak)  pressure,  P. 

n  Terms.  Three  of  the  parameters  listed  in  Table  4  (i.e.,  soil 
density,  p,  soil  seismic  velocity,  c,  and  the  total  detonation- 
released  energy,  E)  are  used  for  non-dimensionalization  of  the 
remaining  parameters.  The  resulting  10  IT  terms  are  listed  in 
Table  5. 

Scaling.  As  mentioned  earlier,  in  order  for  the  results  obtained 
using  a  small-scale  model  to  be  applicable  to  the  corresponding 
full-scale  prototype,  all  11  terms  must  be  maintained  unchanged 


between  the  small-scale  model  and  the  full-scale  prototype.  The 
question  then  arises  as  to  how  to  scale  the  landmine/air/soil- 
related  physical  parameters  listed  in  Table  4  to  achieve  this 
condition.  In  addition,  the  scaling  for  the  pressure  and  for  the 
impulse  has  already  been  fixed  by  the  structural-response 
analysis.  Table  3  and  this  scaling  cannot  be  changed  within  the 
present  landmine-detonation-analysis. 

If  r,  d  and,  R  are  scaled  by  L  then  Hi  and  terms  are 
invariant  between  the  model  and  the  prototype.  If  the  same 
ambient  air  and  soil  is  used  in  both  the  model  and  the 
prototype,  then  114  and  are  invariant.  Also,  the  invariance  of 
the  116  and  lly  terms  requires  for  E  to  be  scaled  as  This  is 
reasonable  since  all  the  spatial  dimensions  are  scaled  in  L  and 
E  depends  on  the  landmine  volume. 

Since  E  scales  with  'h?  and  R  scales  with  L,  then  from  119 
and  llio  it  is  seen  that  P  remains  fixed  while  /  is  scaled  as  L 
between  the  model  and  the  prototype.  As  mentioned  earlier,  this 
is  exactly  the  scaling  for  specific  impulse  and  pressure  which 
was  required  by  the  structural-response  analysis. 

The  invariance  of  the  llg  term,  requires  that  gravitational 
acceleration  be  scaled  as  HL.  In  other  words,  for  example,  for  a 
one-quarter  model,  model  experiments  would  have  to  be  done 
under  conditions  corresponding  to  a  four  times  higher  gravi¬ 
tational  acceleration  than  the  one  normally  present  at  the  earth. 
Wenzel  and  Hennessey  (Ref  8)  recognized  that  conducting 
small-scale  experiments  under  hyper-gravitational  conditions 
would  be  quite  challenging.  Consequently,  they  invoked  the 
study  of  Westine  (Ref  11)  which  showed  that  failing  to  account 
for  the  gravitational  effects  during  underground  landmine 
explosion  for  model  in  a  range  between  1/2  and  1/8,  resulted  in 
relatively  small  changes  in  the  resulting  crater  size.  Hence, 
Wenzel  and  Hennessey  (Ref  8)  argued  that  even  though  the 
invariance  of  the  Froude  Number  (ITg  term  which  is  defined  as 
a  ratio  of  the  gravitational  and  inertial  effects)  cannot  be 
generally  satisfied,  the  small-scale  model  results  could  be  used, 
with  significant  confidence,  for  full-scale  prototype  design  and 
sizing. 

2.2.3  Validation  of  the  Dimensional  Analysis.  To  vali¬ 
date  their  dimensional  analysis  presented  above,  Wenzel  and 
Hennessey  (Ref  8)  carried  out  a  series  of  one-half  and  one- 
quarter  model  experiments  of  fioor-plate  response  to  landmine- 
detonation  loads,  and  compared  the  results  with  available  full- 
scale  prototype  experimental  data.  They  found  that  the  one-half 
and  one-quarter  model  results  (presented  in  details  in  section  3) 
are  fully  mutually  consistent  which  constituted  the  proof  for 
validity  of  the  similitude  theory  they  developed.  On  the  other 
hand,  the  full-scale  results  could  not  be  used  for  dimensional- 
analyses  validation,  due  to  the  lack  of  knowledge  of  the 
attendant  soil  parameters.  Nevertheless,  the  full-scale  results 
revealed  that  soil  parameter  play  important  role  in  the 
landmine-detonation-induced  loading. 

2.3  Computational  Problem  and  Solution  Method 

The  basic  formulation  of  the  computational  problem  dealing 
with  interactions  between  the  detonation  products,  shell  frag¬ 
ments,  and  soil  ejecta  (all  resulting  from  the  explosion  of  a 
shallow-buried  landmine)  and  the  target  model/prototype  hull- 
bottom  plate  is  presented  in  this  section.  All  the  calculations  were 
carried  out  using  ANSYS/Autodyn  (Ref  12),  a  general  purpose 
transient  nonlinear  dynamics  program.  The  computational  mod¬ 
eling  of  this  interaction  involved  two  distinct  steps:  (a)  geomet¬ 
rical  modeling  of  the  model/prototype  along  with  the  adjoining 
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mine,  air,  and  soil  regions,  and  (b)  the  assoeiated  transient 
nonlinear  dynamies  analysis  of  the  impulse  loading  (momentum 
transfer)  from  the  detonation  produets,  shell  fragments,  and  soil 
ejeeta  to  the  target.  The  part  (b)  of  this  analysis  was  performed 
using  a  modified  version  of  the  teehnique  developed  by  Fairlie 
and  Bergeron  (Ref  13)  whieh  eouples  a  multi-material  Eulerian 
mesh  to  two  Lagrangian  meshes.  The  Eulerian  mesh  eontained 
initially  a  Composition-B  solid-cireular-disk  shape  buried  land¬ 
mine  (and,  after  explosion,  the  resulting  high-pressure,  high- 
internal  energy-density  gaseous  detonation  produets)  and  the 
(initially  stationary,  atmospherie-pressure)  air  (loeated  above  the 
soil).  The  Eulerian  mesh  was  eonstrueted  in  terms  of  eight  node 
euboidal  eells.  One  of  the  Lagrangian  meshes  was  used  to  model 
the  soil,  while  the  other  to  represent  the  fioor-plate  (along  with  the 
adjoining  hull-supported  frame  strueture).  The  soil  and  the  target 
were  both  diseretized  using  eight-node  solid  elements  (Table  6). 

An  advantage  was  taken  of  the  inherent  symmetry  of  the 
model.  In  other  words,  two  mutually-orthogonal  vertieal  planes 
of  symmetry  were  plaeed  along  the  axis  of  the  target  plate  as 
well  as  along  the  axis  of  the  air,  landmine,  and  soil  regions 
whieh  enabled  only  a  quarter  of  the  eomputational  model  to  be 
analyzed.  Representative  quarter  symmetrie  models  for  various 
eomputational  domains  used  in  the  present  study  are  shown  in 
Fig.  2.  It  should  be  noted  that  the  lower  portion  of  the  Eulerian 
domain  eontains  the  landmine  while  the  rest  of  the  lower 
portion  of  the  Eulerian  domain  is  oeeupied  by  the  Lagrangian 
soil  domain.  Likewise,  the  upper  portion  of  the  Eulerian 
domain  whieh  extends  above  the  soil  eontains  initially  air  and  is 
partially  oeeupied  by  the  Lagrangian  fioor-plate  domain. 

Air  and  Composition-B  detonation-produets  are  treated  as 
fiuids  and  modeled  using  only  the  appropriate  equation  of  state, 
EOS  [i.e.,  the  gamma  EOS  (Ref  12)  for  air  and  the  JWL  EOS 
(Ref  12)  for  Composition-B].  The  fioor-plate  was  treated  as 
being  made  of  Rolled  Homogenized  Armor  (RHA)  and 
modeled  using  a  linear  equation  of  state,  the  Johnson  Cook 
strength  and  failure  models  and  an  instantaneous  total  equiv¬ 
alent  erosion  strain  algorithm.  Details  of  these  models/relations 
and  their  parameterizations  ean  be  found  in  Ref  10.  Soil  was 
represented  using  our  CU-ARL  sand  material  model 
(Ref  14-20).  The  Lagrangian  soil  elements  were  allowed  to 
erode  at  an  ineremental  geometrie  strain  of  2.0.  Upon  the 
erosion  of  an  element,  the  resulting  free  nodes  are  allowed  to 
retain  their  mass/veloeity  (and,  thus,  momentum)  and  to 
eontinue  to  interaet  with  the  soil  and  the  target  plate. 

Interaetions  between  the  gaseous  fiuids  (i.e.,  air  and 
detonation  produets)  with  the  target  plate  were  aeeounted  for 
through  the  use  of  the  appropriate  Euler/Lagrange  eoupling 
option  within  ANSYS/Autodyn  (Ref  12).  Likewise,  the  soil/ 
target-plate  interaetions  were  modeled  through  the  use  of  the 
appropriate  Lagrange/Lagrange  eoupling  option. 

The  “fiow  out”  boundary  eonditions  were  applied  to  all  the 
free  faees  (the  faees  whieh  do  not  represent  interfaees  between 
the  different  domains)  of  the  Euler  domain  exeept  for  the  faee 
assoeiated  with  the  vertieal  symmetry  planes.  To  reduee  the 
effeet  of  refieetion  of  the  shoek  waves  at  the  outer  surfaees  of 
the  Lagrange  soil  domain,  “transmit”  boundary  eonditions 
were  applied  to  all  the  free  faees  of  this  domain  exeept  for  the 
faees  assoeiated  with  the  vertieal  symmetry  planes  and  the 
upper  faee  whieh  defines  the  soil/air  interfaee.  The  transmit 
boundary  eonditions  enable  propagation  of  the  pressure  waves 
aeross  the  boundaries  without  refieetion  mimieking  wave 
propagation  in  an  infinitely-large  soil  domain  (Ref  12). 


Fig.  2  Computational  sub-domains  used  in  the  present  analysis  of 
stmctural  response  of  vehicle-hull  floor-plate  subjected  to  landmine- 
blast  dynamic  loading:  (a)  Euler  sub-domain  and  (b)  Lagrange  sub- 
domain 

Several  gage  points  were  defined  within  the  landmine,  soil, 
air,  and  fioor-plate  whieh  allowed  monitoring  of  the  quantities 
sueh  as  pressure,  veloeity,  and  (in  the  ease  of  the  Lagrange 
domains)  the  vertieal  displaeements. 

At  the  beginning  of  the  simulation,  all  the  Lagrange  and 
Euler  domains  were  aetivated  and  the  landmine  detonated.  The 
(eireular-disk  shape)  landmine  was  detonated  over  its  entire 
bottom  faee  at  the  beginning  of  the  simulation.  A  standard 
mesh  sensitivity  analysis  was  earried  out  (the  results  not  shown 
for  brevity)  to  ensure  that  the  results  obtained  are  not  very 
sensitive  to  the  size  of  the  eells/elements  used. 


3.  Results  and  Discussion 

To  eomply  with  the  experimental  proeedure  of  Wenzel  and 
Hennessey  (Ref  8),  all  the  eomputational  analyses  earried  out  in 
the  present  work  involved  a  single  (full-seale)  size  of  the 
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vehicle-hull  floor-plate  with  LxWxH  dimensions  of  2.13  m 
by  1.52  m  by  0.0254  m.  Following  the  present  dimensional 
analysis,  these  dimensions  were  reduced  by  a  factor  of  2  and  4 
in  the  case  of  one-half  and  one-quarter  models,  respectively. 
The  initial  soil  density  and  its  seismic  velocity  {sound  speed) 
were  selected  to  match  their  experimental  counterparts  in  the 
work  of  Wenzel  and  Hennessey  (Ref  8).  Also,  the  same 
explosive-type  {Composition  B)  and  floor-plate  material  {Rolled 
Homogenized  Armor,  RHA)  were  used  to  match  those  used  in 
Ref  8.  Initially,  two  values  of  the  standoff-distance  normalized 
ground  clearance  {G.CJR)  of  0.8889  and  0.8235  (correspond¬ 
ing  to  ground-clearance  values  of  14"  =  0.3556  m  and 
24"  =  0.6096  m,  respectively  and  a  flxed/single  value  of  the 
depth-of-burial  of  3"  =  0.0762  m)  were  selected,  in  agreement 
with  those  used  by  Wenzel  and  Hennessey  (Ref  8).  In  order  to 
obtain  further  insight  into  the  dimensional  analysis  of  land- 
mine-blast  induced  deformation  of  the  vehicle-hull-floor-plates, 
additional  ground-clearance  values  were  also  used  in  the 
present  computational  analyses.  The  explosive-charge  sizes 
used  (at  the  full  scale)  at  different  ground-clearance  values  are 
listed  in  Table  7. 

An  example  of  the  pressure  held  in  air  during  detonation  of 
a  landmine  buried  in  soil  underneath  a  vehicle-hull  floor-plate 
is  shown  in  Fig.  3.  A  more  detail  representation  and  the 
discussion  of  the  results  obtained  in  the  present  work  and  their 
experimental  counterparts  obtained  by  Wenzel  and  Hennessey 

Table  7  Test  matrix  pertaining  to  the  selection  of  explosive- 
charge  sizes,  depth-of-burial  and  floor-plate  dimensions  at 
different  full-scale  ground-clearance  levels 

Full-scale  ground  clearance,  m 


Parameter  0.356  0.483  0.609 


Composition-B  explosive  1.81  4.54 

eharge,  kg  3.18  9.07 

4.54  18.14 

9.07 

13.61 

Depth-of-burial,  m  0.076 

Standoff  distanee,  m  0.432  0.559  0.686 


Floor-plate,  T  x  tTx  77  2.134  x  1.524  x  0.025 

dimensions,  m 


Fig.  3  An  example  of  the  air-pressure  field  during  detonation  of  a 
mine  shallow-buried  in  soil  under  a  fioor-plate  target 


(Ref  8)  is  provided  in  the  subsequent  sections.  It  should  be 
recalled  that  two  sets  of  IT  terms  were  introduced  in  the  present 
dimensional  analysis.  One  set  associated  with  structural 
response  of  the  floor-plate  while  the  other  corresponding  to 
various  aspects  of  detonation  of  a  landmine  buried  in  soil.  To 
enable  clear  differentiation  between  the  two  sets  of  IT  terms 
superscripts  SR  and  BL  are  added  to  the  respective  IT  terms  to 
denote  their  structural-response/blast-loading  nature. 

3.1  Floor-Plate  Deflection  Versus  Explosive-Charge  Energy 

In  this  section,  the  experimental  results  from  Ref  8  and  the 
present  computational  results  pertaining  to  the  dependence  of 
thickness-scaled  floor-plate  average  displacement  (flf^,  in  the 
structural-response  analysis)  on  the  scaled  charge  energy  (Ilf 
of  the  detonation-induced  impulse/pressure  analysis)  are  pre¬ 
sented  and  discussed. 

3.1.1  Examination  of  the  Ilf  ^  Term  as  Defined  by  Wenzel 
and  Hennessey  (Ref  8).  In  Fig.  4(a),  the  versus  Ilf^ 
results  from  the  work  of  Wenzel  and  Hennessey  (Ref  8)  are 
presented  for  the  two  aforementioned  levels  of  normalized 
ground  clearance.  In  addition  to  the  measured  data  points,  the 
corresponding  power-law  best-fit  curves  are  also  shown.  The 
corresponding  computational  counterpart  results  obtained  in  the 
present  work  are  displayed  in  Fig.  4(b).  Furthermore,  to  assist  an 
experiment-with-calculation  comparison,  the  best-fit  curves  from 
Fig.  4(a)  are  reproduced  in  Fig.  4(b).  A  simple  examination/ 
comparison  of  the  results  displayed  in  Fig.  4(a)  and  (b) 
reveals  that 

(a)  At  each  level  of  the  ground  clearance,  the  corresponding 
full-scale,  half-scale,  and  quarter-scale  model  computa¬ 
tional  results  are  practically  identical.  This  finding  sug¬ 
gests  that  the  choice  of  the  two  IT  terms  in  Fig.  4(b), 
was  appropriate/justified.  Similar  conclusion  can  be 
drawn  based  on  the  experimental  results  of  Wenzel  and 
Hennessey  (Ref  8),  Fig.  4(a).  Nevertheless,  it  should  be 
noted  that  all  the  materials  (Composition-B,  soil,  air  and 
RHA)  involved  in  the  present  dimensional  analysis  were 
kept  unchanged.  Also,  at  a  given  level  of  scaled  ground 
clearance,  Ilf^  value  in  Fig.  4(a)  and  (b)  was  changed 
by  merely  changing  the  value  of  explosive-charge 
energy,  E  (via  changing  the  charge  thickness,  r).  Conse¬ 
quently,  it  is  not  clear  at  this  point  if  the  versus 
nf^  relations  suggested  in  Fig.  4(a)  and  (b)  will  be 
valid  if  properties  of  the  attendant  materials  and  explo¬ 
sive-charge  shape  are  changed.  This  point  will  be 
addressed  in  greater  detail  in  the  remainder  of  this  section. 

(b)  At  each  scaled  ground-clearance  level,  the  corresponding 
best-fit  curves  for  the  experimental  and  computational 
data  differ  by  less  than  10%.  This  finding  suggests  that 
there  is  a  reasonably  good  agreement  between  the  exper¬ 
imental  test  transient  blast-loading  conditions  used  and 
the  floor-plate  response  observed  in  the  work  of  Wenzel 
and  Hennessey  (Ref  8)  and  the  present  transient  nonlin¬ 
ear  dynamic  computational  modeling  and  analysis  proce¬ 
dure  of  the  same  problem.  This  finding,  and  the  fact 
that  ground-clearance  level  is  seen  to  have  a  significant 
effect  on  the  versus  ITy^  relationship,  suggested 
the  need  for  additional  computational  analyses  at  other 
values  of  ground  clearance.  Since  the  two  aforemen¬ 
tioned  ground-clearance  values  of  14  and  24  inches 
define  a  fairly  realistic  range  of  this  quantity  in  the  case 
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of  military  vehicles,  it  was  decided  to  add  one  additional 
level  of  ground  clearance  of  19  inches  (corresponding  to 
the  normalized  ground  clearance  of  0.8636).  The  results 
obtained  along  with  the  corresponding  power-law  best- 
fit  curves  are  displayed  in  Fig.  4(c).  The  results  dis¬ 
played  in  this  figure  confirm  that  choice  of  the  two  11 
terms  for  the  present  dimensional  analysis  was  proper 
(at  least  under  the  conditions  of  constant  explosive,  soil, 
air  and  fioor-plate  materials). 

The  results  displayed  in  Fig.  4(b)  and  (c)  are  next  used  to 
construct  a  functional  relationship  in  the  form:  =  function 

(n?^,  nf^),  where  =  1  -  G.CJR  (since  R  =  G.C.  +  d) 
and  the  three  standoff-distance  normalized  values  of  the  ground 
clearance  (G.C./i?)  were  given  above.  Curve-fitting  procedure 
was  next  employed  using  several  types  of  potential  functional 
relationships.  Among  different  candidate  formulae,  the  follow¬ 
ing  function: 


G.C/R=  .8235,  Best  Fit,  Experimental,  [6] 

G.C/R=  .8235,  Best  Fit 

G.C/R=  .8235, 1/4  model.  Present  Work 

G.C/R=  .8235, 1/2  model,  Present  Work 

G.C/R=  .8235,  full  model,  Present  Work 

G.C/R=  .8888,  Best  Fit,  Experimental,  [6] 

G.C/R=  .8888,  Best  Fit 

G.C/R=  .8888, 1/4  model.  Present  Work 

G.C/R=  .8888, 1/2  model.  Present  Work 

G.C/R=  .8888,  full  model.  Present  Work 


0.6  0.8  1  1.2  1.4 

Scaled  Distance  Energy 


Fig.  4  Variation  of  the  scaled  floor-plate  deflection  with  the  scaled 
detonation  energy:  (a)  experimental  data  fi'om  Ref  8  for  two  scaled 
ground-clearance  levels  (0.8235  and  0.8888  m);  (b)  the  correspond¬ 
ing  computational  results  obtained  in  the  present  work;  and  (c)  the 
computational  results  at  an  intermediate  scaled  ground-clearance 
value  of  0.8636  m 


=  i.884(n®L)^  -  7.09in®L  -  34.3490®^  + 11.897 

(Eql) 

was  found  to  be  associated  with  the  highest  level  of  the  cor¬ 
relation  coefficient. 

The  results  displayed  in  Fig.  4(a)-(c)  suggested  that  the 
choice  of  Ilf and  Tlf ^  as  the  dimensional-analysis  IT 
terms  was  correct.  However,  as  pointed  out  earlier,  all  the 
experimental  tests  involving  different-scale  models  were  car¬ 
ried  out  by  Wenzel  and  Hennessey  (Ref  8)  under  constant-soil 
conditions.  Thus,  the  term  pc^  in  the  definition  of  Ilf  ^  was  not 
changed.  Furthermore,  when  Wenzel  and  Hennessey  (Ref  8) 
compared  their  Ilf^  versus  Ilf ^  results  against  full-scale  data 
from  other  sources  (for  which  the  type/condition  of  soil  used 
was  unknown,  and  potentially  different),  a  highly  pronounced 
disagreement  was  observed.  This  finding  is  examined  more 
closely  in  the  remainder  of  this  section. 

The  term  pc^  is,  in  fact,  the  bulk  modulus  which  can  be 
described  as  a  measure  of  the  strain  energy  per  unit  volume 
required  to  double  material  density  under  elastic-compression 
loading  conditions.  In  our  previous  work  (Ref  14-20),  it  was 
shown  that  in  the  case  of  saturated  soil,  volumetric  response  of 
the  soil  surrounding  buried  explosive  charge  is  indeed  domi¬ 
nated  by  elastic  compression  (i.e.,  under  high-rate  loading 
conditions,  water  is  mainly  trapped  in  the  soil  pores  and 
prevents  soil  particles  from  moving/sliding).  Under  these 
conditions,  bulk  modulus  is  a  good  measure  of  the  energy 
needed  for  soil  densification.  On  the  other  hand,  in  the  case  of 
dry  soil,  irreversible  compaction  (i.e.,  the  process  of  soil- 
particle  sliding,  break-up,  and  compaction)  tend  to  dominate 
soil  response  to  pressure.  Under  these  conditions,  bulk  modulus 
is  no  longer  a  good  measure  of  the  energy  needed  for  soil 
compaction.  Thus,  despite  the  aforementioned  favorable  find¬ 
ings  related  to  Fig.  4(a)-(c),  the  use  of  the  pc^  term  in  the 
definition  of  Ilf^  appears  troublesome.  This  contention  is 
further  supported  by  the  following  simple  qualitative  argument: 
First,  it  should  be  recognized  that  the  pc^  term  takes  on 
significantly  higher  values  in  the  case  of  saturated  soil  (since 
both  the  initial  density  and  the  initial  sound  speed  are  higher  in 
saturated-  than  in  the  dry-soil  case).  Hence,  in  accordance  with 
Fig.  4(a)-(c),  this  should  result  in  lower  values  of  flf^. 
However,  it  is  well-established  (Ref  14)  that  saturated  soil 
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(due  to  the  faet  that  it  absorbs  less  detonation  energy  under 
eompression  or  shear  and  that  larger  volume  of  saturated  soil  is 
ejeeted  during  detonation),  yield  signifieantly  higher  impulse 
values  and  thus,  larger  values  of  floor-plate  defleetion.  Clearly, 
there  will  be  a  problem  with  the  term  [as  deflned  by 
Wenzel  and  Hennessey  (Ref  8)]  if  it  were  used  aeross  a  series  of 
soil  types/eonditions  and  that  problem  is  related  to  the  use  of 
pe^  in  the  deflnition  of  this  IT  term.  This  is  further  eonflrmed  in 
Fig.  5(a)  in  whieh  it  is  seen  that  the  saturated- soil  versus 

nf  ^  data  do  not  agree  with  their  dry-soil  eounterparts  and  that 
values  for  the  saturated- soil  ease  are  eonsiderably  higher 
(as  was  predieted  in  our  aforementioned  argument). 

3.1.2  New  Definition  of  the  Term.  To  overeome  the 
aforementioned  problem  assoeiated  with  the  present  dimen¬ 
sional  analysis,  it  is  proposed  here  that  Ilf ^  term  be  redefined. 
Toward  that  end,  the  term  is  first  elosely  examined.  The 


c 

o 

« 

E 

a 

<D 

D 

S 

CO 


- G.C/R=  .8235,  Best  Fit,  Dry  Soil 

— —  G.C/R=  .8235,  Best  Fit,  Saturated  Soil 
9  G.C/R=  .8235,  Full  model,  Saturated  Soil 

•  G.C/R=  .8235,  1/2  model,  Saturated  Soil 

•  G.C/R=  .8235, 1/4  model.  Saturated  Soil 

'  G.C/R=  .8888,  Best  Fit,  Dry  Soil 
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■  G.C/R=  .8888,  Full  model,  Saturated  Soil 

■  G.C/R=  .8888, 1/2  model,  Saturated  Soil 

■  G.C/R=  .8888,  1/4  model,  Saturated  Soil 
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(b)  New  Scaled  Distance  Energy 


Fig.  5  The  effect  of  soil  type  (i.e.,  dry  soil  vs.  saturated  soil)  on 
the  scaled  floor-plate  deflection  vs.  scaled  detonation  energy  (Hy^) 
relationship  at  two  scaled  ground-clearance  levels  (0.8235  and 
0.8888  m):  (a)  original  deflnition  of  the  Hy^  as  proposed  by  Wenzel 
and  Hennessey  (Ref  8)  and  (b)  new  deflnition  of  the  Hy  proposed 
in  the  present  work 


E/R^  part  of  this  term  is  simply  a  statement  of  the  faet  that  as 
the  detonation-indueed  spherieal  shoek-wave  moves  outward 
from  the  point  of  detonation,  the  average  energy  density  within 
the  spherieal  domain  deereases  as  l/R^  (the  so  ealled  Hopkin- 
son  rule).  To  define  inverse  of  the  term,  Wenzel  and 
Hennessey  (Ref  8)  divided  E/R^  by  pe^.  However,  it  was  shown 
above  that  the  use  of  the  pe^  term  is  not  fully  justified.  Also,  it 
should  be  reeognized  that  not  the  entire  detonation  energy,  E, 
should  be  used  in  the  definition  of  the  but  rather  its 
portion,  £■*,  available  after  irreversible  eompaetion  of  soil 
surrounding  the  mine  has  taken  plaee.  The  energy  absorbed  by 
soil  during  irreversible  eompaetion  is  a  produet  of  the 
eorresponding  energy  density  and  the  volume  of  eompaeted 
soil.  The  derivation  of  simple  funetional  relationships  for  the 
eompaetion  energy  density  and  the  eompaeted-soil  volume  is 
provided  below. 

To  a  first  order  of  approximation,  the  energy  per  unit  volume 
assoeiated  with  full  eompaetion  of  soil  is  equal  to  ^comp  = 
0.5T*Qomp(Pcomp— Po)/Pcomp?  where  F^comp?  the  overpressure  at 
whieh  full  eompaetion  of  soil  is  attained,  po  =  ps(l  —  ot)  +  ocpp^is 
the  initial  zero-overpressure  soil  density,  subseripts  s  and  w  are 
used  to  denote  soil  solid-phase  and  water,  respeetively  while  ot 
defines  fraetional  porosity.  The  degree  of  saturation,  P  is  defined  as 
a  fraetion  of  pores  volume  filled  with  water  (P  =  0.0,  for  dry  soil 
and  P  =  1.0,  for  saturated  soil).  In  our  previous  work  (Ref  14-24), 
it  was  found  that  overpressure  at  whieh  full  eompaetion  of  soil  is 
attained  is  a  weak  funetion  of  the  degree  of  saturation.  Conse¬ 
quently,  this  overpressure  will  be  assumed  to  be  eonstant  and  set  to 
a  value  of  650  MPa.  Definition  of  the  soil  density  at  full 
eompaetion,  pcomp  is  given  by: 

^  (l  -  a  +  otp)  (l  -  ot  +  otp)  P'"' 

Under  a  eondition  that  the  volume  of  detonation-indueed 
irreversibly-eompaeted-soil  is  large  in  eomparison  with 
the  landmine  volume,  the  soil  volume  is  expeeted  to  seale 
with  the  third  power  of  a  produet  of  the  soil  seismie  veloeity 
and  the  length  of  post-detonation  time  before  soil-overburden 
bubble  bursts  and  rapid  diseharge  of  the  gaseous  detonation- 
produets  from  the  landmine-eavity  begins  to  take  plaee.  The 
soil  seismie  veloeity,  c,  is  a  funetion  of  the  soil  porosity,  ot,  and 
the  degree  of  saturation,  P,  and  the  appropriate  c(ot,P)  relations 
were  derived  in  our  previous  work  (Ref  14,  15).  It  should  be 
noted  that  c  is  a  material  property  and,  as  sueh,  is  eonstant 
aeross  different  model  seales.  Sinee  the  rate  of  growth  of  the 
soil  overburden  bubble  seales  with  the  detonation-energy 
density,  E/R^,  and  is  thus  seale  invariant,  the  post-detonation 
time  at  whieh  soil-overburden  bubble-burst  begins,  4,  is 
expeeted  to  be  proportional  to  the  model-seale  parameter, 
X.  Furthermore,  in  eontrast  to  the  soil  irreversible-eompaetion 
energy  density,  4  does  not  only  depend  on  the  soil  eondition/ 
type,  but  is  also  affeeted  by  the  explosive-eharge  shape/size  and 
the  depth-of-burial.  For  the  fixed  values  of  the  depth-of-burial 
(d  =  0.0762  m),  soil  porosity  (ot  =  0.36),  saturation  level 
(P  =  0.0  and  P  =  1.0)  and  the  ease  of  a  eireular-disk  shaped 
landmine,  the  full-seale  venting-start  time  dependenee  on  the 
total  detonation-energy  E  (for  the  eases  of  dry  soil  and  saturated 
soil)  is  displayed  in  Fig.  6. 

The  last  part  of  the  Tlf  ^  term  whieh  needs  to  be  modified  is 
the  pe^  term.  This  term  has  the  unit  of  volumetrie  energy 
density  and,  as  diseussed  above,  its  use  is  not  fully  justified.  It 
is  our  eontention,  that  this  should  not  be  any  longer  related  to 
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Fig.  6  Variation  of  the  (full-scale)  with  total  detonation  energy  for 
dry  and  saturated  soils.  The  soil-overburden  burst  time  scales 
directly  with  the  scale  factor  X 

the  soil  properties  sinee  the  main  effeet  of  soil  assoeiated  with 
detonation-energy  absorption  has  already  been  ineluded.  It  is 
proposed  here  to  use  a  term  (i.e.,  the  dynamie  floor-plate 
material  strength),  instead.  This  term  is  a  measure  of  the 
volumetrie  strain  energy  density  assoeiated  with  unit  plastie- 
deformation  strain.  The  use  of  this  term  appears  justifled  sinee 
the  early  stage  of  interaetion  between  detonation-produets/soil- 
ejeeta  and  the  floor-plate  is  expeeted  to  be  dominated  by  the 
deformation  (and  possibly  failure)  while  rigid  body  motion 
beeomes  more  pronouneed  at  later  stages  of  the  interaetion.  It 
should  be  noted  that  sinee  Wenzel  and  Hennessey  (Ref  8)  and 
our  eomputational  analysis  up  to  this  point  involve  a  single 
RHA  material,  the  a  term  is  a  eonstant.  The  effeet  of  different 
material  ehoiee  is  analyzed  later  in  this  seetion. 

With  the  ehanges  proposed  above,  the  Ilf  ^  term  should  be 
redeflned  as  gR^/E*  where 

E  —  E  AjliTlC  ^]3^comp- 

Using  this  new  deflnition  of  the  Ilf^  term  the  results  from 
Fig.  5(a)  are  reealeulated  and  displayed  in  Fig.  5(b).  Clearly, 
the  agreement  between  the  dry-soil  and  saturated-soil  results  is 
substantially  improved  suggesting  that  the  new  deflnition  of  the 
nf  ^  term  (when  used  aeross  different  soil  types/eonditions)  is 
more  appropriate  than  the  deflnition  proposed  by  Wenzel  and 
Hennessey  (Ref  8). 

Next,  the  effeet  of  different  floor-plate  materials  is  inves¬ 
tigated.  The  new  Ilf^  term  suggests  that  the  dominant  floor- 
plate  material  term  is  dynamie  strength,  a.  To  eheek  the 
validity  of  this  assumption  two  more  RHA  grades  were  used 
whose  dynamie  strength  was  obtained  by  halving  and  doubling 
the  original  yield  strength,  respeetively.  Simulations  are  earried 
out  for  both  dry  and  saturated- soil  eonditions  and  at  two 
(0.8235  and  0.8888  m)  ground-elearanee  levels.  For  brevity, 
only  the  results  pertaining  to  the  ease  of  dry  soil  are  shown  in 
Fig.  7(a)  and  (b).  However,  the  eonelusions  reaehed  were  based 
on  both  sets  of  results.  The  results  displayed  in  Fig.  7(a)  pertain 
to  the  ease  of  the  “soft”  RHA  grade  while  the  ones  displayed  in 
Fig.  7(b)  pertain  to  the  “hard”  RHA  grade.  A  simple 
examination  of  the  results  displayed  in  these  flgures  suggests 


Fig.  7  Variation  of  the  scaled  floor-plate  deflection  with  the  newly- 
deflned  scaled  detonation  energy  for  three  floor-plate  RHA  grades: 
(a)  standard  and  “soft”  RHA  grades  and  (b)  standard  and  “hard” 
RHA  grades.  The  results  are  obtained  computationally  for  dry  soil 
and  two  scaled  ground-clearance  levels  (0.8235  and  0.8888  m) 

that  dynamie  strength  is  one  of  the  major  parameters  eontrol- 
ling  struetural  response  of  the  floor-plate  to  landmine-detona- 
tion-indueed  loading.  It  is,  however,  not  elear  if  a  is  the 
dominant  parameter.  Identifleation  of  other  floor-plate  material 
parameters  whieh  may  have  a  signifleant  effeet  on  the  floor- 
plate  struetural  response  is  beyond  the  seope  of  the  present 
work. 

3.2  Scaled  Floor-Plate  Deformation  Versus  Scaled 
Response  Impulse 

The  original  experimental  results  from  Ref  8  pertaining  to 
the  effeet  of  sealed  response  impulse  on  the  sealed  floor- 
plate  deformation  are  reprodueed  in  Fig.  8(a).  In  addition, 
the  best-flt  eurves  of  these  results  at  two  levels  of  ground 
elearanees  used  in  Ref  8  are  shown  in  the  same  flgure.  Also,  the 
eorresponding  eomputational  results  obtained  in  the  present 
work  and  their  best-flt  eurves  are  displayed  in  Fig.  8(a).  A 


10 — Volume  23(1)  January  2014 


Journal  of  Materials  Engineering  and  Performance 


Author's  personal  copy 


12  - 


10  - 


£ 

0) 

Q 

S 

ro 

0. 


8  - 


6  - 


4  “ 


2  - 


G.C/R=  .8235,  Best  Fit,  Experimental,  [6] 
G.C/R=  .8235,  Experimental,  [6] 

G.C/R=  .8235,  Best  Fit,  Present  Wori( 
G.C/R=  .8235,  Full  model.  Present  Wori< 
G.C/R=  .8235, 1/2  model.  Present  Worit 
G.C/R=  .8235, 1/4  model.  Present  Worit 
■  G.C/R=  .8888,  Best  Fit,  Experimental,  [6] 
G.C/R=  .8888,  Experimental,  [6] 

•  G.C/R=  .8888,  Best  Fit,  Present  Wori( 
G.C/R=  .8888,  Full  model.  Present  Worit 
G.C/R=  .8888, 1/2  model.  Present  Wori< 


(a) 


2  3  4  5 

Scaled  Response  Impulse 


-  G.C/R=  .8235,  Best  Fit,  Dry  Soil 

O  G.C/R=  .8235,  Full  Model,  Dry  Soil 
>  —  -  G.C/R=  .8235,  Best  Fit,  Saturated  Soil 
•  G.C/R=  .8235,  Full  model.  Saturated  Soil 

-  G.C/R=  .8888,  Best  Fit,  Dry  Soil 

□  G.C/R=  .8888,  Full  Model,  Dry  Soil 
—  G.C/R=  .8888,  Best  Fit,  Saturated  Soil 
■  G.C/R=  .8888,  Full  model.  Saturated  Soil 

0. 


0.4  0.6  0.8  1 

Scaled  Response  Impulse 


Fig.  8  Variation  of  the  scaled  floor-plate  deflection  with  the  scaled 
response  impulse  for  two  scaled  ground-clearance  levels  (0.8235  and 
0.8888  m):  (a)  a  comparison  of  the  experimental  data  from  Ref  8 
and  the  present  computational  results  for  dry-soil  and  (b)  a  compari¬ 
son  between  dry-soil  and  saturated-soil  computational  results 


simple  examination  of  the  results  displayed  in  Fig.  8(a)  reveals 
that 

(a)  The  eorresponding  eomputational  results  obtained  from 
the  full,  half,  and  quarter  models  are  effeetively  identieal 
suggesting  that  the  ehoiee  of  the  and  Uj^  is  appro¬ 
priate  for  the  present  dimensional  analysis; 

(b)  The  experimental  and  eomputational  results  are  not  in  a 
very  good  agreement.  Sinee  the  measured  and  the  eom- 
puted  normalized  floor-plate  defleetion  data  were  found 
to  be  in  good  agreement  in  Fig.  4(b),  it  is  elear  that  the 
problem  is  with  the  sealed  response  impulse  data.  The 
eomputed  values  for  this  quantity  are  elearly  lower  than 
their  experimental  eounterparts.  Sinee  details  regarding 
the  teehnique  used  by  Wenzel  and  Hennessey  to  mea¬ 
sure  the  landmine-detonation  impulse  were  not  provided 


in  Ref  8,  the  origin  of  this  diserepaney  is  not  quite  elear. 
However,  this  diserepaney  alone  is  not  sufiieient  to 
invalidate  the  11  term  in  question. 

To  provide  a  more  deflnite  answer  regarding  the  validity  of 
the  term  aeross  different  soil  eondition/types,  a  eompar- 
ison  between  eomputational  versus  Ilf ^  results  for  the  dry 

and  saturated-soil  is  provided  in  Fig.  8(b).  This  eomparison 
suggests  that  the  ehoiee  of  as  the  sealed  response  impulse 
was  appropriate.  While  Wenzel  and  Hennessey  (Ref  8)  did  not 
provide  full  justifleation  for  the  definition  of  the  Ilf  ^  term,  one 
will  be  provided  here.  This  IT  term  ean  be  re-written  as: 

nf  =  ^  ^  ^  (Eq3) 

y/^xyh  ^m{aV) 

where  m  =  pV=  pxyh  is  the  floor-plate  mass,  V  the  floor- 
plate  volume,  and  aF  is  a  measure  of  the  strain  energy 
required  to  deform  the  floor-plate  by  unit  plastie  strain  (in  the 
absenee  of  strong  strain-hardening  effeets).  The  Fly^  term 
then  is  a  ratio  of  the  blast-impulse  and  a  produet  of  the  iner- 
tia-resistanee  (measured  by  the  floor-plate  mass)  and  the  plas- 
tie-deformation  resistanee  (as  quantified  by  the  aF  term). 


4.  Conclusions 

Based  on  the  results  obtained  in  the  present  work,  the 

following  main  eonelusions  ean  be  made: 

1.  The  dimensional  analysis  for  vehiele-hull  floor-plate  sub- 
jeeted  to  landmine-detonation  loading,  originally  pro¬ 
posed  by  Wenzel  and  Hennessey  (Ref  8),  has  been 
eritieally  assessed  with  respeet  to  the  physieal  foundation 
for  the  definition  of  the  blast-loading  and  struetural- 
response  IT  terms. 

2.  The  results  obtained  in  the  present  work  suggest  that, 
while  sealing  is  proper  for  all  the  physieal  model  parame¬ 
ters,  a  number  of  IT  terms  were  eonstrueted  on  a  more 
phenomenologieal  rather  than  a  physieal  basis.  Conse¬ 
quently,  the  dimensional  analysis  based  on  these  IT  terms 
provides  satisfaetory  results  only  under  the  eonstraints  of 
eonstant  soil,  floor-plate,  and  ambient-air  materials  and 
their  eonditions. 

3.  To  overeome  these  limitations  of  the  dimensional  analysis 
of  Wenzel  and  Hennessey  (Ref  8),  a  new  definition  of 
one  of  the  key  IT  terms  is  proposed  based  on  a  detailed 
investigation  of  the  effeet  of  landmine-detonation  gaseous 
produets  with  the  surrounding  soil  and  the  aeeompanying 
partial  absorption  of  the  detonation-released  energy.  The 
new  definition  of  the  IT  terms  in  question  was  found  to 
more  properly  inelude  the  effeet  of  soil  type/eonditions 
and,  to  somewhat  lesser  extent,  the  effeet  of  floor-plate 
material  properties. 
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